Background: The role of the sinus microbiota, including bacteria, fungi and viruses, in health and disease remains unclear despite the application of molecular microbiological techniques to describe the microbiome. This is due, in part, to the overwhelming proportion of contaminating host DNA compared with recovered microbial DNA.
Introduction
Contemporary sequencing technologies, such as targeted amplicon sequencing and shotgun metagenomics approaches, have provided unprecedented insights into the structure and function of the human microbiome (1) (2) (3) . One aspect of human microbiome study that has particularly benefitted from the application of high-throughput sequencing techniques is that of chronic sinus disease. In chronic rhinosinusitis (CRS) long-term inflammation of the sino-nasal mucosal lining severely impacts patient quality of life and places a substantial burden on health care systems (4) (5) (6) . Molecular technologies have transformed the way we view the role of the microbiota in CRS pathogenesis (7) (8) (9) (10) .
It now appears that these communities are imbalanced (dysbiotic), and characterized by a significant increase in bacterial load accompanied by a decrease in overall bacterial diversity (9, 11, 12) . Shotgun metagenomic sequencing can provide comprehensive, strain-level identification and functional information about viral, fungal, bacterial and archaeal diversity within a sample. Metagenomic sequencing thus offers great potential to deepen our understanding of CRS, yet its application to sino-nasal samples is not without challenges. The size of the human genome (~3 billion bp) compared to that of a typical bacterium (~4 million bp for Escherichia coli) means that the presence of relatively few human cells can lead to overwhelming proportions of contaminating human DNA in a sample (13, 14) . In one study of the human skin microbiome, nares samples had the highest proportion of reads, on average, that mapped to the human genome (98.2%), when compared with 17 other skin sites (15) . Metagenomic studies of samples originating from the middle meatus, which acts as a reservoir for mucous drainage within the human sinuses,
have not yet been conducted, and we therefore carried out a pilot study (unpublished data) to assess levels of recovered microbial versus human DNA. We found that less than 1% of quality-filtered sequencing reads were of microbial (viral, bacterial, archaeal, or fungal) origin. Based on this pilot study, we designed a methods study to test a variety of host DNA depletion and microbial DNA enrichment strategies.
Enrichment techniques can be applied to capture genomes of interest or remove contaminating DNA (16, 17) . Probe-based methods that target a single organism have been adopted, but are not suitable for studying entire microbial communities (18) . Other methods such as differential cell lysis, filtration and centrifugation separate host and microbial cells based on physical properties, but may have varying results between samples depending on community composition and sample consistency (19) (20) (21) (22) . A range of commercially produced kits are available for enriching microbial DNA from human-derived samples including MolYsis®, Pureprover®, LOOXSTER®, Molyzm Ultra-Deep Microbiome Prep, and the NEBNext® Microbiome DNA Enrichment Kit, but all are associated with increased processing costs when compared with lysis, filtration and centrifugation methods. The efficacy of enrichment associated with these methods is variable and likely sample-type specific (23) (24) (25) (26) (27) (28) .
Whole genome amplification refers to a process in which segments of entire genomes originating from any type of DNA, microbial or human, are amplified (unlike traditional PCR, in which primers target specific regions of DNA within genomes).
Whole genome amplification (WGA) by multiple displacement amplification (MDA) involves binding of random hexamers to denatured DNA for the initial amplification followed by strand displacement with Phi29 polymerase. WGA MDA is very useful for low biomass samples; however, due to its non-targeted nature contaminating host DNA must be significantly reduced prior to WGA (20) .
A number of limitations are associated with each of the aforementioned enrichment strategies, such as enzymatic treatments applied to preferentially lyse human cells may also lyse bacterial cells (23) (24) (25) 29) . Very few methods studies incorporating enrichment techniques and metagenomics sequencing from human mixed microbial communities are available and the majority of method enrichment comparisons focus on the detection of specific pathogens (17, 20, 30, 31) . Additionally, many studies do not include non-spiked samples from patients which would validate the efficacy of these techniques on microbial communities in the clinical setting (24, 25) . To date, no studies exist comparing enrichment techniques for metagenomic sequencing from sino-nasal samples. Based on known limitations and bias of a variety of enrichment techniques, we chose two different techniques for removing human DNA: a series of centrifugation steps prior to nucleic acids extraction and the NEBNext® Microbiome DNA Enrichment Kit, each in conjunction with whole genome amplification, in an attempt to enrich the total amount of microbial DNA before metagenomic sequencing. Additionally, we amplified the bacterial 16S rRNA gene to investigate the effects of the chosen methods on the recovered bacterial community profiles and our ability to describe them accurately.
Materials and Methods
Three male, adult patients undergoing functional endoscopic sinus surgery for idiopathic CRS by a single surgeon (RD) were recruited from Auckland City Hospital, Auckland, New Zealand. A diagram outlining this study is found in Figure 1 .
Microbial DNA enrichment methods

No-treatment Control (N)
Samples were thawed on ice, and DNA was extracted from pairs of swabs from the same patient (1 left, 1 right) using the Qiagen® AllPrep DNA/RNA Mini Kit (Bio-Strategy LTD., Auckland, New Zealand) as previously described (9) . Elution Buffer EB (55 µL) was added to the spin column filter and incubated for 5 min before DNA was eluted by centrifuging for 1 min at 11,200 x g. The eluate was centrifuged through the spin column filter a second time to increase DNA concentration. Triplicate negative extractions of sterile water were performed to test the DNA extraction kit for contamination.
Yield (ng/μL) and purity (260/280 nm absorbance ratio) of extracted DNA were determined spectrophotometrically using the NanoDrop® ND-1000 (NanoDrop Technologies Inc., Wilmington, USA). DNA yield was also determined fluorometrically using the High Sensitivity (HS) kit on the Qubit® Fluorometer 1.0 (Invi-trogen Co., Carlsbad, CA, USA). Integrity of genomic DNA was determined by visualizing 3 μL of extracted DNA on a 0.8% agarose gel (w/v) containing SYBR Safe DNA Gel Stain (Invitrogen Co., Carlsbad, USA) run in 0.5X TBE buffer at 90 V for 45 min.
Centrifugation Enrichment Technique (C)
Samples were thawed on ice, and pairs of swabs from the same patient (1 left, 1 right) were briefly vortexed to release bacterial cells from the swab matrix into the RNAlater® solution. Both swabs were removed from the microcentrifuge tube, and the RNAlater® solution was centrifuged for 3 min at 500 x g in order to pellet the large (heavy) human cells while leaving smaller, microbial cells in the supernatant. The supernatant was removed into a fresh microcentrifuge tube, which was then centrifuged for 7 min at 8000 x g to pellet microbial cells. The supernatant was discarded, and pelleted cells were resuspended in 600 µL of Buffer RLT Plus. DNA was extracted from the resuspended pellet as described above. DNA yield, quality and integrity of extracted DNA were determined as described above.
NEBNext® Microbiome DNA Enrichment Kit (NB)
The NEBNext® Microbiome DNA Enrichment Kit selectively removes human DNA from samples by binding double-stranded DNA containing 5-methyl CpG dinucleotides (which are common in vertebrate DNA) to a magnetic bead (17) . Briefly, samples were thawed on ice, and DNA was extracted from pairs of swabs from the same patient (1 left, 1 right) using the Qiagen® AllPrep DNA/RNA Mini Kit as described above. Total DNA concentration was calculated and 2 µg input DNA was used for enrichment of microbial DNA using the NEBNext® Microbiome DNA Enrichment Kit, following the manufacturer's instructions (New England BioLabs® Inc., Thermo Fisher Scientific, Auckland, New Zealand). All volumes were adjusted to allow for 2 µg of input DNA for each of the three samples.
After microbial and host DNA were selectively captured using the NEBNext® Microbiome DNA Enrichment Kit, Agencourt AMPure XP Bead Clean-up (Beckman Coulter Inc., Brea, CA, USA) was used to purify the enriched samples. Briefly, all sample volumes were split into 160 µL volumes, if necessary, and 1.8X volumes of AMPure beads were added to each sample. After several ethanol wash steps, DNA was eluted from the magnetic beads in 15-25 µL (depending on initial input volume) of TE Buffer, pH 7.5.
Whole genome amplification ('WGA')
Samples were first subjected to one of the two enrichment techniques, or originated from the no-enrichment control DNA extraction. The Qiagen® REPLI-g Mini Kit (Bio-Strategy LTD., Auckland, New Zealand) was used to amplify 5 µL of template DNA from each sample according to the manufacturer's instructions. For each reaction, a positive control of E. coli genomic DNA and a negative control of PCR-grade water was used. Quality, integrity and yield of amplified DNA were assessed as previously described.
Sequencing preparation
PCR amplification and Illumina sequencing
In order to compare the recovery of bacterial community composition profiles based on metagenomic sequencing to those based on the usual approach employed by CRS researchers (i.e.
16S rRNA gene-targeted sequencing), we amplified the V3-V4 hypervariable region of the bacterial 16S rRNA gene for each sample in this project. Amplifications were carried out as described previously (9) , with minor adjustments (Additional file 2). The triplicate negative extractions from the DNA extraction kits were amplified and verified for lack of contamination.
Replicate PCR products from each sample were pooled and purified using Agencourt AMPure beads according to manufacturer instructions. Bacterial 16S rRNA gene amplicons were submitted to New Zealand Genomics Limited for library preparation using a dual-indexing approach with Nextera technology and sequencing (2 x 300 bp, paired-end) on the Illumina MiSeq. Metagenomic samples were submitted as is to New Zealand Genomics
Limited for Thruplex DNA library preparation and sequencing (2 x 125 bp, paired-end) on one lane of the Illumina HiSeq.
Data analyses
Bacterial 16S rRNA gene sequence analysis
Bioinformatic processing of amplicon sequencing data involved a combination of USEARCH (version 7.0.1090, 64-bit built for Linux) and QIIME version 1.8 (Additional file 2) (32, 33) . Samples were rarefied to 1,678 sequences, and rarefied tables were used for all downstream analyses. Alpha diversity measures Chao1, Shannon, Simpson and observed species (OTUs), and a Bray-Curtis dissimilarity matrix were assessed and generated using QIIME. PRIMER6 version 6.1.13 was used to identify microbial community similarities between groups of samples based on enrichment method for each type of sequencing data (SIMPER), to assess variation within the data due to inter-individual variation and enrichment method (PERMANOVA), and to analyse patterns in microbial community composition between methods for both amplicon and metagenomics datasets (ANOSIM) (34) . Multivariate dispersion (MVDISP) was used to quantify relative multivariate variability between methods.
Metagenomic sequencing analysis
Raw reads were quality filtered using trimmomatic v0.33 with default settings (35) . Reads that aligned to the human genome were removed, and the remaining sequences from each sample were assigned taxonomy using Kraken v0.10.5-beta and a custom-built database compiled with all archaeal, fungal, bacterial, viral and protozoan genomes available on NCBI as of September 13, 2016 (Additional file 2) (36) . The Bracken bioinformatics program was used to calculate abundances from Kraken-assigned taxonomy at the phylum, family, and species levels, and these data were used for all downstream analyses (Additional file 2) (37) .
Population genome assembly and binning
After quality filtering and removal of human DNA from the metagenomic dataset, high-quality sequences from all samples were pooled, assembled, and assessed using SPAdes v3.7.1 (38) , BamM v1.7.3 (https://github.com/Ecogenomics/BamM), GroopM v0.3.4 (39) , and CheckM v1.0. , respectively (Additional file 2). Gene prediction, annotation and metabolic reconstruction for the recovered P. acnes genome were carried out using Rapid Annotations using Subsystems Technology (RAST) online server and all default settings (43) . The RAST server was used to compare the recovered P. acnes genome to that of its closest phylogenetic neighbour, P. acnes strain KPA171202.
Results
Total DNA was extracted from 18 sino-nasal middle meatus swab samples (3 patients × 6 methods) using a variety of (8) .
Both the metagenomics and amplicon approaches revealed 
Propionibacterium acnes genome
Phylogenomic inference of the concatenated marker genes 
) and JCM 18 (82.96% complete, 0.78% contamination), (GenBank assembly GB_GCA_000521405.1) (Additional file 5).
Annotation and pathway mapping of protein-coding genes (CDs) classified into subsystem categories revealed that a majority of CDs belonged to amino acid and derivative production, followed by genes coding for carbohydrates (Additional file 6). 
Discussion
The results from this methods study suggest that the enrichment techniques unpredictably alter microbial community profiles when comparing them to non-treated samples. Despite these effects and the ineffective removal of contaminating human DNA, a diverse range of viral, fungal, archaeal and bacterial species were reported, as well as a near-complete genome of the bacterium Propionibacterium acnes.
Microbial enrichment techniques
The application of metagenomic sequencing to sino-nasal research is promising, but greater sequencing depths will be required to garner useful information. In this study, the centri- This study has several limitations. First, the results from this study provide limited insights into the function of the microbiome in CRS due to small sample sizes and the lack of healthy controls. Additionally, future metagenomic studies with low biomass samples should include sequencing results from negative controls throughout the experiment to assess contamination in low biomass samples (46) . (mean relative abundance 51.0% ± 11.8 S.E.) (15) . .
Functional insights from metagenomic sequencing
Although only negligible improvements were made to the recovery of microbial DNA, we nevertheless sought to explore the potential of these data to deliver useful genomic insights.
We succeeded in reconstructing a near-complete Propionibacterium acnes genome (97.35% complete, 0% contamination).
Interestingly, our P. acnes genome contains the cas1 gene, which is part of the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas locus which helps to protect the bacterium from bacteriophages and other mobile genetic elements (56) . The presence of CRISPR/Cas genes in P. acnes is not uncommon, but is typically identified in type II P. acnes strains (44, 45) . If our genome is in fact a type II strain, it may be functionally more similar to P. acnes ATCC_11828 strain. Some evidence suggests people carry different P. acnes strains in the same environment, and the role of P. acnes in CRS, and the sino-nasal cavity more generally, should be investigated further.
Conclusion
Existing research in CRS microbiology is limited to culture-based and gene-targeted approaches. Expanding our knowledge base from identifying which bacteria are present in the sinuses towards a view which includes archaeal, fungal, and viral species, and describing their functional importance and impact on health status, is the next logical step for studying CRS pathogenesis. Taken together, the results from this study support the application of metagenomic sequencing techniques in the study of microbial communities associated with CRS, however we do not recommend enriching samples for microbial DNA using the techniques described here. We encourage continued research that focuses on limiting the proportion of recovered human DNA in order to increase the resolution of in situ microbial communities.
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Supplementary methods
Sequencing preparation
PCR amplification and Illumina sequencing
16S rRNA gene-targeted sequencing), we amplified the V3-V4
hypervariable region of the bacterial 16S rRNA gene for each sample in this project. Briefly, up to 3 µL of template DNA from each sample was added to the PCR master mix, and as many as three PCR replicates were completed for each sample in order to generate sufficient amplicon product for sequencing. The triplicate negative extractions from the DNA extraction kits were amplified and verified for lack of contamination.
Replicate PCR products from each sample were pooled and purified using Agencourt AMPure beads according to manufacturer instructions. PCR products were quantified fluorometrically using the High Sensitivity (HS) kit on the Qubit® Fluorometer 1.0 (Invitrogen Co., Carlsbad, CA, USA) and qualitatively assessed using the Agilent High Sensitivity DNA chip (Agilent Technologies, Santa Clara, CA, USA).
Bacterial 16S rRNA gene amplicons were submitted to New
Zealand Genomics Limited for library preparation using a dualindexing approach with Nextera technology and sequencing 
Data analyses
Bacterial 16S rRNA gene sequence analysis
Bioinformatic processing of amplicon sequencing data involved a combination of USEARCH (version 7.0.1090, 64-bit built for Linux) and QIIME (version 1.8) (1, 2) . Briefly, reads less than 200 bp after merging were removed from the dataset. USEARCH was used to cluster reads into de novo operational taxonomic units (OTUs) at 97% sequence similarity, singleton OTUs were removed, and taxonomy was assigned in QIIME using RDP v2.2
and SILVA v111 as a reference (3, 4) . Sequences that aligned to the human mitochondrial genome using BLAST (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) were removed from the dataset. Samples were rarefied to 1,678 sequences, and rarefied tables were used for all downstream analyses (5) . Alpha diversity measures Chao1, Shannon, Simpson and observed species (OTUs) diversity indices, and a Bray-Curtis dissimilarity matrix were assessed and generated using QIIME.
Metagenomic sequencing analysis
Raw reads were quality filtered using trimmomatic v0.33 with default settings (6) . To remove contaminating human DNA, the human reference genome GRCh38 was downloaded from the NCBI Genome database and quality-filtered reads aligned to the reference using bwa (7) . Reads that aligned to the human genome were removed, and the remaining sequences from each sample were assigned taxonomy using Kraken v0.10.5-beta and a custom-built database compiled with all archaeal, fungal, bacterial, viral and protozoan genomes available on NCBI as of September 13, 2016 (8) . The Bracken bioinformatics program was used to calculate abundances from Kraken-assigned taxonomy at the phylum, family, and species levels, and these data were used for all downstream analyses (9) .
Efficacy of enrichment techniques was assessed as the proportion of microbial classified sequencing reads, once humanassigned reads were removed, to the total number of reads prior to classification. The mean value and standard deviation of classified sequences for each method were calculated and visualized as strip plots using the program ggplot2 in R version 3.2.5 (10, 11) .
Coefficient of variation, tests for normality, and pairwise tests were calculated using the native 'stats' package in R for each method to give an indication of the reproducibility, distribution, and quantifiable differences between methods, respectively (11) .
Relative abundances of the 22 most abundant microbial families within the amplicon and metagenomics datasets were calculated and visualized in R. Beta diversity metrics for metagenomics data were calculated using the species-level Bracken abundance taxon table using a Bray-Curtis dissimilarity matrix generated with the 'vegdist' function in the vegan package (12) . Non-metric multidimensional scaling (nMDS) plots for both amplicon and metagenomics datasets were generated as previously described (13) . Comparisons of total microbial, and bacterial only, diversity at family level, as assessed by the amplicon and metagenomics approaches, were calculated in QIIME v1.9 using Spearman correlations and all other default settings in the compare_taxa_ summaries.py command.
Population genome assembly and binning
After quality filtering and removal of human DNA from the HiSeq dataset, high-quality sequences from all samples were pooled and assembled using SPAdes v3.7.1 (14) . Reads from each sample were separately mapped to the resulting assembly using BamM v1.7.3 (https://github.com/Ecogenomics/BamM) and differential coverage binning performed using GroopM v0.3.4 (15) .
Completeness and contamination of each population genome bin were assessed using the presence or absence of 120 single copy marker genes using CheckM v1.0.7 (16) . Several bins were reported, including one bin that identified as a member of the genus Staphylococcus. However, this genome reported only 45.88% completeness with 1.30% contamination, and was not pursued for reconstruction. A single near-complete genome (97.35% complete) with no contamination was reconstructed. This population bin, identified as the bacterium Propionibacterium acnes, was examined for contigs with abnormal coverage or composition profile using RefineM v0.0.13
(https://github.com/dparks1134/refinem), then gaps filled and the refined genome bin assembled into scaffolds using FinishM (https://github.com/wwood/finishm).
Analysis of the Propionibacterium acnes genome
Taxonomic identification of the refined genome bin was performed against a reference set of 14,256 high-quality bacterial genomes downloaded from the Genome Taxonomy Database (http://gtdb.ecogenomic.org/) using a concatenated protein sequence obtained from 120 marker genes (17) . Phylogenetic inference was performed using FastTree v2.1.9 (18) with the WAG+Γ model of amino acid evolution and 100 bootstrap iterations to assess node support. A high-resolution tree for specieslevel identification and publication purposes was constructed from a subset of 44 reference genomes, consisting of closely related and outgroup genomes from different phyla, using RAxML v8.1.4 (19) under the same evolution model and bootstrap criteria, for display purposes.
Gene prediction, annotation, and metabolic reconstruction for the recovered P. acnes genome were carried out using Rapid Annotations using Subsystems Technology (RAST) online server and all default settings (20) . The RAST server was used to compare the recovered P. acnes genome to that of its closest phylogenetic neighbour, P. acnes strain KPA171202.
Statistical analyses
The similarity percentage (SIMPER) approach was used to identify microbial community similarities between groups of samples based on enrichment method for each type of sequencing data.
The species-level metagenome taxa summary and the amplicon taxon-assigned OTU tables were square root-transformed and SIMPER analyses were conducted in PRIMER6 version 6.1.13
using Bray-Curtis similarities (21) . Permutational analysis of variance (PERMANOVA) was used to partition variation within the data due to inter-individual variation and enrichment method, and analysis of similarity (ANOSIM) was used to assess patterns in microbial community composition between methods for both amplicon and metagenomics datasets. Multivariate dispersion (MVDISP) was used to quantify relative multivariate variability between methods. PERMANOVA, ANOSIM, and MVDISP analyses were performed in PRIMER6 version 6.1.13 using Bray-Curtis dissimilarity matrices generated from each dataset (22) . Figure S2 . Phylogenomic tree for species-level identification constructed from a subset of 44 reference genomes. Phylogenetic inference was performed using FastTree v2.1.9 with the WAG+Γ model of amino acid evolution and 100 bootstrap iterations to assess node support. The refined genome bin, identified as Propionibacterium acnes is highlighted. Scale bar represents 10% sequence divergence. 
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